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6 ABSTRACT 

A SNAP-8 mercury pump w a s  v i b r a t i o n  and shock t e s t e d  t o  t h e  maximum 

t i o n ,  s i n u s o i d a l  sweep v i b r a t i o n ,  and m u l t i p l e  15 6 shocks.  The mechan- 
i ca l  and s t r u c t u r a l  d e f i c i e n c i e s  exposed by t h e  tests can be  remedied 
wi th  minor des ign  changes. 

v l e v e l s  a n t i c i p a t e d  dur ing  i t s  usage. The tests included random v ib ra -  
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SUMMARY 

A SNAP-8 mercury pump was v i b r a t i o n  and shock t e s t e d  t o  t h e  maximum 
levels a n t i c i p a t e d  dur ing  i t s  usage. A d e t a i l e d  in spec t ion  of t h e  pump 
a f t e r  t h e  tests revea led  a loss of bear ing preload on t h e  angular- 
con tac t  b a l l  bear ings .  I n  s p i t e  of the preload l o s s ,  t h e  bear ing  b a l l s  
and race s u r f a c e s  were i n  e x c e l l e n t  condi t ion.  Both inne r  r i n g s  of t h e  
bear ings  were i n  good condi t ion  and came o f f  t h e  s h a f t  assembly f r e e l y .  
Both of t h e  ou te r  r i n g s  of t h e  bearings were t i g h t  i n  t h e  housing bores  
and had t o  be  pressed ou t .  The housing bores  were found t o  be ga l l ed .  

The mechanical and s t r u c t u r a l  d e f i c i e n c i e s  exposed by t h e  tests 
w e r e  minor and some s imple design changes are requi red  i n  order  t o  m e e t  
t h e  v i b r a t i o n  and shock requirements.  

INTRODUCTION 

A s  p a r t  of t h e  o v e r a l l  program for  development of t h e  SNAP-8 m e r -  
cury Rankine space  power system, an  eva lua t ion  has been made of t h e  
c a p a b i l i t i e s  of t h e  major components of t h e  power conversion system t o  
meet o r  exceed t h e  v i b r a t i o n  and shock requirements .  The test loads  
appl ied  were t h e  same as those  t y p i c a l l y  imposed dur ing  launch and 
f l i g h t  maneuvers. One of t h e  components t e s t e d  was an  induction-motor- 
d r iven  c e n t r i f u g a l  pump designed f o r  pumping mercury. The tes t  opera- 
t i o n s  w e r e  conducted i n  t h e  environmental t e s t  l abora to ry  a t  t h e  L e w i s  
Research Center .  The disassembly and d e t a i l e d  in spec t ion  of t h e  pump 
assembly were performed by t h e  power conversion system c o n t r a c t o r ,  
Aero je t  General  Corporat ion,  Azusa, Ca l i fo rn ia .  This  r e p o r t  covers  a 
d e s c r i p t i o n  of t h e  t e s t i n g  and a pos t - tes t  eva lua t ion  of t h e  mercury 
Pump 
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PUMP DESCRIPTION 

The SNAP-8 mercury pump i s  shown mounted on t h e  test  shaker  i n  f i g -  
u r e  1 wi th  a cutaway view shown i n  f i g u r e  2 .  
of a one-piece s o l i d  s h a f t  supported by two preloaded angular-contact  
b a l l  bear ings  mounted i n  a c e n t r a l  housing. 
wi th  polyphenyl e t h e r ,  and t h e  mercury-oil s e a l i n g  dur ing  ope ra t ion  i s  
e f f ec t ed  by v i s c o  and molecular pumps and by l i f t - o f f  f a c e  seals  when 
inopera t ive .  A 208-volt 400-hertz three-phase induc t ion  motor i s  over- 
hung from t h e  bear ing  housing a t  one end, and a combination jet-and- 
c e n t r i f u g a l  pump i s  overhung a t  t h e  o ther  end. The j e t  pump i s  incor-  
porated upstream of t h e  c e n t r i f u g a l  pump t o  suppress  c a v i t a t i o n  dur ing  
s t a r t u p  and dur ing  zero-gravi ty  operat ion.  
of 20 cent imeters  ( 8  i n . ) ,  and t h e  length  is 76 cent imeters  (30 i n . ) .  
The weight is  approximately 68 kilograms (150 l b ) .  

The pump c o n s i s t s  b a s i c a l l y  

The bear ings  are  l u b r i c a t e d  

The pump has  a mean diameter 

A more complete d e s c r i p t i o n  of the  pump may be  found i n  r e fe rence  1. 

TEST FACILITY AND EQUIPMENT 

A SNAP-8 mercury pump w a s  v i b r a t i o n  and shock t e s t e d  t o  t h e  maximum 
l e v e l s  a n t i c i p a t e d  dur ing  i t s  usage. The tes t  ope ra t ions  were conducted 
i n  t h e  environmental  test l abora to ry  a t  t h e  L e w i s  Research Center .  A 
ske tch  of t h e  pump, showing accelerometer l o c a t i o n  and load-input axes, 
is  presented i n  f i g u r e  3 .  For t h e  shock tests t h e  accelerometer  ou tpu t s  
w e r e  f ed  i n t o  an  osc i l l o scope  and recorded photographica l ly .  For t h e  
v i b r a t i o n  t e s t i n g  t h e  accelerometer  ou tputs  were condi t ioned and recorded 
on G-level versus  frequency p l o t s .  

The e x c i t e r  f o r  both t h e  shock and v i b r a t i o n  tests w a s  an MB 
E lec t ron ic s  Corpora t ion ' s  "Electrodynamic System Model C210" ( f i g .  4 ) .  
The e x c i t e r  head may be  used i n  t h e  v e r t i c a l  p o s i t i o n  as shown (X a x i s  
i n  t h i s  test) o r  r o t a t e d  counterclockwise 90° and used i n  t h e  h o r i z o n t a l  
p o s i t i o n  (Y and Z a x i s  i n  t h i s  t e s t ) .  

The accelerometers  used dur ing  t h i s  test  were s tandard  product ion 
u n i t s  and included s ing le - ,  dual- ,  and t r i - a x i a l  u n i t s .  

TEST PROCEDURE 

All t h e  tests were conducted with t h e  pump i n  a s t a t i c ,  o r  noncper- 
a t i n g ,  condi t ion .  A l l  of t h e  required connect ing l i n e s  were capped as 
c l o s e  t o  t h e  pump as poss ib l e  ( f i g .  1). 

The mercury pump w a s  v i b r a t i o n  and shock t e s t e d  t o  t h e  maximum 
levels a n t i c i p a t e d  dur ing  i t s  usage. S ince  t h e  mounting conf igu ra t ion  
o r  o r i e n t a t i o n  on t h e  launch v e h i c l e  had not  been e s t a b l i s h e d ,  t h e  tests 
w e r e  conducted a t  maximum l e v e l s  on each of t h r e e  mutual ly  perpendicular  
axes. The tests and test l e v e l s  were as fol lows:  
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(1) A 

(2) A 

2000 h e r t z  

per  oc tave  
600 h e r t z ,  

(3) A 

s i n u s o i d a l  v i b r a t i o n  s w e e p  test wi th  a 1 G  i npu t  from 5 t o  
a t  a sweep ra te  of 1 octave per  minute. 

random v i b r a t i o n  test. The inpu t  l e v e l s  were +3 d e c i b e l s  
(dB/oct) from 20 t o  100 h e r t z ,  0.4 G2/hertz from 100 t o  
and -6 dB/oct from 600 t o  2000 h e r t z .  

15G shock test i n  both the p lus  and minus d i r e c t i o n s ,  re- 
peated t h r e e  t i m e s  i n  each a x i s  ( a  t o t a l  of 18 shocks) .  The wave 
shape w a s  a ha l f - s ine  pulse  wi th  11 mil l isecond t i m e  du ra t ion .  

Table  I re la tes  the  t es t  run ,  tes t  a x i s  i npu t ,  input  "G" levels ,  f r e -  
quency, sweep speed, running t i m e ,  and type  of t e s t .  

TEST RESULTS 

The test d a t a  showed t h a t  during t h e  X-axis s i n u s o i d a l  v i b r a t i o n  
sweep, Accelerometer #14 (X a x i s  on the s h a f t  assembly) recorded a 
29G peak response a t  230 h e r t z  ( f i g .  5 ) .  Accelerometer #15 (Z a x i s  on 
t h e  s h a f t  assembly) recorded a 15  G peak response a t  230 h e r t z  ( f i g .  6 ) .  
The d a t a  from Accelerometers #14 and #15 taken dur ing  t h i s  t e s t  are 
considered as t y p i c a l ,  bu t  they  show t h e  maximum recorded responses  
dur ing  t h i s  v i b r a t i o n  sweep. 
func t ion  dur ing  t h i s  test .  

Accelerometers #16 and 1/17 f a i l e d  t o  

The "Y" a x i s  s i n u s o i d a l  v i b r a t i o n  test  shows t h a t  both Acceler- 
ometers #14 and #15 recorded a 10G peak response a t  150 h e r t z .  
erometers i /8 and C11 f a i l e d  t o  funct ion dur ing  t h i s  test .  

Accel- 

The "Z" a x i s  s i n u s o i d a l  v i b r a t i o n  t e s t  shows t h a t  Accelerometer #14 
recorded a 7G response whi le  Accelerometer #15 recorded a 10  G response,  
bo th  a t  140 h e r t z .  
t h i s  test .  

Accelerometers 116 and 119 f a i l e d  t o  func t ion  dur ing  

During t h e  f i r s t  a t tempt  t o  run t h e  "X" axis s i n u s o i d a l  v i b r a t i o n  
sweep tes t ,  t h e  pump-mounting-cradle support  p ins  loosened,  and had t o  
b e  r e t igh tened .  
suppor t  i t e m s  and are not  t h e  same as t h e  mounting bracke t  t h a t  would 
b e  used dur ing  a fu l l - sys tem tes t .  
v i b r a t i o n  sweep test w a s  repeated.  

The pump-mounting c rad le  and support  p i n s  are tes t -  

The e n t i r e  "X" a x i s  s i n u s o i d a l  

EXTERNAL EXAMINATION OF THE PUMP 

A v i s u a l  examination of t h e  pump revea led  a crack  a t  t h e  r o o t  weld 
on a 3.2-mill imeter (1/8 i n . )  p ressure  t a p  i n  t h e  pump s u c t i o n  l i n e  
( f i g .  7 ) .  

Upon removing t h e  l u b r i c a n t  f i l t e r  b racke t  ( f i g .  1) from t h e  hous- 
i n g  group, i t  w a s  determined t h a t  the mounting b o l t  to rques  had decreased 
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from 1865 newton-centimeters (165 in . - lb)  when i n s t a l l e d  t o  between 
283 and 395 newton-centimeters (25 and 35 in . - lb)  a f t e r  t h e  tes t .  The 
o the r  b o l t s  i n  t h e  housing group p a t t e r n  which secu res  t h e  motor s t a t o r  
were normal wi th  150 t o  155 newton-centimeters (1470 t o  1525 in . - lb)  
d is  ass emb 1 y torque.  

The pump-mounting-cradle support  p ins  ( f i g .  1)  which secured t h e  
main housing i n  t h e  support  c r a d l e  f o r  t h i s  test  were heav i ly  ga l l ed  
on t h e  pump s i d e  and less damaged on t h e  motor s i d e .  The c r a d l e  and 
p ins  are  test  support  f i x t u r e s  and a re  not  a p a r t  of t h e  pump. 

INTERNAL EXAMINATION OF THE PUMP 

A helium-leak check of t h e  motor s t a t o r  d i sc losed  t h a t  t h e  her-  
me t i ca l ly  sea led  te rmina ls  and thermocouple plug were l e a k  t i g h t  t o  
s p e c i f i c a t i o n .  

The mercury end of t h e  pump was disassembled without  any problems 
and a l l  elements were i n  e x c e l l e n t  condi t ions  wi th  no s i g n s  of damage. 
The l i f t - o f f  seals,  inc luding  carbon f a c e s ,  were i n  o r i g i n a l  cond i t ion .  

When t h e  motor s t a t o r  w a s  removed, f i n e  metall ic p a r t i c l e s  were 
observed on t h e  motor-cavity lub r i can t  s l i n g e r  and shroud. These 
came from an  a n t i r o t a t i o n  device  which had been added t o  prevent  r o t a -  
t i o n  of t h e  r o t o r  dur ing  t h e  t es t ,  and is  not  a p a r t  of t h e  mercury 
pump. 
repea ted  heavy con tac t s  wi th  t h e  locking grooves on t h e  motor and 
bea r ing  locknut .  
locknut .  The motor locknut  had no t  loosened on i t s  th reads ,  bu t  be- 
cause of l o c a l  y i e l d i n g  i n  t h e  locknut-contact area, t h e  disassembly 
torque  w a s  68 newton-centimeters (6 in . - lb)  compared t o  an assembly 
va lue  of 2825 newton-centimeters (250 in . - lb ) .  The motor had circum- 
f e r e n t i a l  p lay  on t h e  s h a f t  because of t h e  a x i a l  looseness  which was 
due t o  t h e  l o c a l  y i e l d i n g  i n  t h e  locknut con tac t  area. 
damage w a s  observed on t h e  locknut ,  s h a f t  t h reads ,  s h a f t  key s l o t ,  key, 
o r  motor key s l o t .  

The tang on t h e  aluminum a n t i r o t a t i o n  device  was b a t t e r e d  from 

No damage w a s  observed on t h e  locking grooves on t h e  

No s i g n i f i c a n t  

The inner  r i n g s  of both bear ings came of f  t h e  s h a f t  f r e e l y  and 
without  damage, bu t  both of t h e  outer  r i n g s  were t i g h t  i n  t h e  housing 
bores  and had t o  be pressed o u t .  Under normal condi t ion  t h e s e  ou te r  
r i n g s  are f r e e  t o  s l i d e  i n  t h e  housing w i t h i n  t h e  preloading l i m i t s .  
Numerous V-shaped shal low gouge marks were made i n  t h e  housing s u r f a c e s  
dur ing  t h e  bear ing  outer-r ing removal ( f i g s .  8 and 9 ) .  Out-of- 
roundness f o r  t h e  bear ing  seats i n  t h e  housing w a s  measured as 0.00020- 
cent imeter  (0.00008-in.) t o t a l  i nd ica to r  reading  (T.I.R.) a t  t h e  motor 
end, and 0.00025-centimeter (0.00010-in.) T . I . R .  a t  t h e  pump end. The 
h igh  p o i n t s  d id  not  match the  damage p a t t e r n  i n  a r egu la r  fash ion .  
This  w a s  checked t o  e l imina te  the  p o s s i b i l i t y  of gr inding  c h a t t e r  a s  a 
major c o n t r i b u t o r  t o  t h e  problem. The o u t s i d e  diameters  of bo th  bear- 
i n g s  and both housing bores  were inspected t o  l o c a t e  any p o s s i b l e  r i d g e s  
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o r  sharp  edges a t  t h e  ends of t ape r s  o r  corner  r a d i i ,  b u t  none w a s  found. 

a 

The housing had ga l l ed  i n  severa l  p l aces  and had depos i ted  metal i n  
a cold-welded f a sh ion  onto t h e  bearing o u t e r  r i n g s ,  keying them t o  t h e  
housing. These cold-welded depos i t s  gouged t h e  housing as t h e  bea r ings  
were pressed ou t .  The bear ing  s tops  showed no impact e f f e c t s .  The pre- 
load s p r i n g s  were undamaged and were w i t h i n  c a l i b r a t i o n  l i m i t s .  

Bearings 

Pump-end bear inq .  - The ou te r  r ing  of t h e  pump-end bear ing  ( f i g .  10) 
had n ine  l a r g e  g a l l e d  o r  material-pickup areas measuring approximately 
one m i l l i m e t e r  by 3 millimeters (0.04 by 0.12 i n . )  each, and s e v e r a l  
s m a l l  areas d i s t r i b u t e d  around t h e  circumference.  All damage marks 
s t a r t e d  a t  approximately 4 mil l imeters  (0.16 i n . )  from t h e  non th rus t  
f a c e  as c h a t t e r  marks t h a t  extended across  the  r i n g  towards t h e  t h r u s t  
f ace .  This  w a s  caused by a x i a l  displacement of t h e  ou te r  race. Between 
t h e  g a l l s  w a s  a narrow c i rcumferent ia l  band of d i s tu rbed  f i n i s h  which 
d e l i n e a t e s  a plane of con tac t  around t h e  per iphery of t h e  bear ing .  
ou te r  raceway w a s  f r e e  of a l l  s i g n s  of v i b r a t i o n  damage. 
l i g h t  raceway s c r a t c h e s  appeared t o  b e  t h e  r e s u l t  of e f f o r t s  t o  remove 
t h e  ou te r  r i n g s  from t h e  housing. 

The 
A few ve ry  

The raceway of t h e  inner  r i n g  was undamaged. Extremely l i g h t  b a l l  
t r a c k s  were a t t r i b u t e d  t o  n o i s e  t e s t i n g  of t h e  bear ing  as p a r t  of t h e  
manufac turer ' s  acceptance tests.  
i n  t h e  bore.  The b a l l s  were e n t i r e l y  f r e e  of any damage o r  marking. 
The s e p a r a t o r  ( f i g .  11) showed a l i g h t  b a l l  con tac t  p a t t e r n  i n  t h e  
pockets and a l i g h t  con tac t  p a t t e r n  on t h e  o u t s i d e  diameter .  

Light a x i a l  mounting marks were seen  

Motor-end bear inq .  - The outer  r i n g  of t h e  motor-end bea r ing  
( f i g .  1 2 )  had 1 7  g a l l e d  a r e a s  of var ious s i z e s  d i s t r i b u t e d  around t h e  
ou te r  diameter.  The ga l l ed  areas s t a r t e d  a t  approximately 4.8 m i l l i -  
meters (0.19 i n . )  from t h e  nonthrust  f ace .  I n  l i n e  wi th  t h e  g a l l s  w a s  
a l i g h t  narrow c i r cumfe ren t i a l  band of d i s tu rbed  f i n i s h  which appeared 
t o  have been generated by repea ted  contact  wi th  t h e  housing bore.  The 
raceway had very l i g h t  ba l l - con tac t  p a t t e r n s  a t  0.26 and 0 r a d i a n  
(15O and Oo) con tac t  angles  wi th  normal b a l l  spacing.  
p o r t i o n  of t h e  raceway had minor sc ra t ches ,  probably from t h e  d i s -  
assembly e f f o r t s .  

The non th rus t  

The inne r  r i n g  showed two o r  t h ree  incomplete sets of ba l l - con tac t  
p a t t e r n s  a t  0.30 and 0 r a d i a n  (17O and 0') con tac t  angles .  
a t  normal b a l l  spacing and showed contact  wi th  t h r e e  t o  f i v e  b a l l s  a t  
each set .  
s h i f t e d  many t i m e s  dur ing  t h e  t e s t i n g .  

These were 

The appearance was t h a t  the inne r  r i n g  and b a l l  o r i e n t a t i o n  

The b a l l s  were i n  exce l l en t  condi t ion.  The sepa ra to r  ( f i g .  13) 
showed a l i g h t  ba l l - con tac t  p a t t e r n  i n  t h e  pockets and a l i g h t  con tac t  
p a t t e r n  on t h e  o u t s i d e  diameter .  
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DISCUSS I O N  

The g r e a t e r  amount of bear ing  and housing damage occurred a t  t h e  
motor end as expected s i n c e  t h e  overhung motor mass i s  l a r g e l y  supported 
by the  motor-end bear ing .  The pump-end bear ing  is  a d d i t i o n a l l y  pro- 
t ec t ed  by t h e  carbon seals which provide damping of any motion a t  t h e  
pump end. The low [0 r ad ian  (OO)] contact-angle p a t t e r n  found i n  t h e  
motor-end bear ing  ind ica t ed  a complete l o s s  of preload dur ing  a po r t ion  
of t h e  t e s t i n g .  The l o s s  of bear ing  preload permit ted l a r g e  d i sp lace -  
ments of t h e  s h a f t  and explained t h e  damage t o  t h e  a n t i r o t a t i o n  device.  
The r e o r i e n t a t i o n  of t h e  b a l l s  and t h e  bear ings  r i n g s  would not  have 
occurred i f  t h e  preload had been cont inuously app l i ed .  

The p res su re  t a p  t h a t  cracked a t  t h e  weld, and similar p re s su re  
t aps  on o the r  l i n e s  w e r e  c a n t i l e v e r  mounted wi th  r e l a t i v e l y  large-mass 
c l o s u r e  cups on t h e  ends. The l a r g e  mass caused excess ive  v i b r a t i o n  
amplitudes and r e s u l t e d  i n  t h i s  w e l d  c rack .  The p res su re  t aps  were 
provided f o r  development t e s t i n g  and would probably be el iminated from 
a f l i g h t  system o r ,  i f  r e t a i n e d ,  would b e  b e t t e r  supported.  

The loosening of t h e  motor on the s h a f t  and t h e  loss of torque  on 
t h e  ad jacent  locknut  are  related problems. F i r s t ,  t h e  motor had an 
excess ive ly  long d r i v e  key which, even though proper ly  f i t t e d ,  would 
bear  on only a few high po in t s .  
key t h a t  was c l o s e l y  f i t t e d ,  and t h i s  might r e s u l t  i n  an e c c e n t r i c  
p o s i t i o n  of t h e  r o t o r  on t h e  s h a f t ,  which would be  de t r imen ta l  t o  r o t o r  
balance;  t h i s  e c c e n t r i c  p o s i t i o n  is  permit ted by a loose  f i t  between 
t h e  r o t o r  i n t e r n a l  diameter and t h e  s h a f t  ou te r  d iameter ,  d i ame t ra l  
c l ea rance  being from 0.0125 t o  0.050 m i l l i m e t e r  (0.0005 t o  0.0020 i n . ) .  
To reduce r o t o r  runout ,  i t  is  necessary t o  f i t  t h e  key on t h e  loose  s i d e .  
Use of a s tandard  ba l l -bear ing  locknut and washer tended t o  f u r t h e r  
aggrava te  t h e  s i t u a t i o n .  Axial  clamping would hold t h e  r o t o r  a g a i n s t  
r o t a t i o n  i f  s u f f i c i e n t  torque were appl ied.  However, any c i r c u m f e r e n t i a l  
motion tends t o  wear down t h e  h igh  points on t h e  s o f t  lockwasher, re- 
ducing t h e  clamping f o r c e .  This  i s  a common problem and may occur i n  
o the r  l o c a t i o n s  where such lockwashers are used. 

It would t ake  a l a r g e  f o r c e  t o  seat a 

CONCLUDING REMARKS 

1. The l o s s  of bear ing  preload can be  considered as a p o s s i b l e  
p o t e n t i a l  f a i l u r e  s i n c e  subsequent success fu l  ope ra t ion  of t h e  u n i t  
would be  ques t ionable .  This  could be co r rec t ed  by redes ign  of t h e  bear-  
i ng  housing t o  employ hardened steel l i n e r s  o r  hard chroming t h e  housing 
s u r f a c e s  t o  improve s l i d i n g  of t h e  bear ing o u t e r  r i n g s .  

2. The motor loosening and loss  of to rque  on t h e  locknut  are a 
minor problem s i n c e  func t ion  was not a f f e c t e d .  

3 .  Small unsupported p res su re  taps  cannot s u r v i v e  t h e  v i b r a t i o n  
t e s t i n g .  
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4. For t h e  SNAP-8 mercury pump, some minor des ign  changes are re- 
quired i n  order  t o  m e e t  t h e  r equ i r ed  v i b r a t i o n  and shock s p e c i f i c a t i o n s .  
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